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Summary

This paper provides a thorough overview of the current advances in diagno-
sis and therapy of myasthenia gravis (MG). Nowadays the term ‘myasthenia
gravis’ includes heterogeneous autoimmune diseases, with a postsynaptic
defect of neuromuscular transmission as the common feature. Myasthenia
gravis should be classified according to the antibody specificity [acetylcho-
line, muscle-specific receptor tyrosine kinase (MuSK), low-density lipopro-
tein receptor-related protein 4 (LRP4), seronegative], thymus histology
(thymitis, thymoma, atrophy), age at onset (in children; aged less than or
more than 50 years) and type of course (ocular or generalized). With optimal
treatment, the prognosis is good in terms of daily functions, quality of life
and survival. Symptomatic treatment with acetylcholine esterase inhibition
is usually combined with immunosuppression. Azathioprine still remains the
first choice for long-term immunosuppressive therapy. Alternative immuno-
suppressive options to azathioprine include cyclosporin, cyclophosphamide,
methotrexate, mycophenolate mofetil and tacrolimus. Rituximab is a prom-
ising new drug for severe generalized MG. Emerging therapy options include
belimumab, eculizumab and the granulocyte– macrophage colony-
stimulating factor. One pilot study on etanercept has given disappointing
results. For decades, thymectomy has been performed in younger adults to
improve non-paraneoplastic MG. However, controlled prospective studies on
the suspected benefit of this surgical procedure are still lacking. In acute
exacerbations, including myasthenic crisis, intravenous immunoglobulin,
plasmapheresis and immunoadsorption are similarly effective.
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Introduction

Disorders of neuromuscular transmission can be of immu-
nological, toxic or genetic origin. Among these rare disor-
ders, myasthenia gravis is the most frequent. The clinical
hallmark of myasthenia (MG) gravis is a fluctuating pro-
nounced weakness limited to the voluntary muscles. Char-

acteristically, muscular exertion increases the myasthenic
weakness. It is a generalized disorder that often manifests
initially as focal weakness. Eye muscle weakness at the
onset of MG is evident in the vast majority of patients
resulting in diplopia and ptosis. If the weakness is
limited to the ocular muscles, it is designated ‘ocular myas-
thenia’. Oropharyngeal weakness may cause difficulties in
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articulation, chewing and swallowing. In generalized myas-
thenia gravis, limb girdle weakness is typically more pro-
nounced in the proximal than in the distal muscle groups.
Myasthenic crisis is the life-threating exacerbation of MG
due to weakness of respiratory muscles and swallowing
difficulties.

Surprisingly, epidemiological studies from Canada, Italy
and Japan have observed an increasing frequency of MG in
the elderly during recent decades [1–3]. In British Colum-
bia, the annual number of first-time anti-acetylcholine
receptor (AChR)-positive MG cases increased from 21·4/
year/million during 1984–88 to 52·9 during 2004–08 in the
elderly with an age of at least 65 years [1]. This interna-
tional phenomenon might be a result of an increased
awareness among medical doctors considering more fre-
quently the diagnostic possibility of MG in the elderly.

Nowadays the term ‘myasthenia gravis’ describes a het-
erogeneous group of autoimmune diseases with a postsyn-
aptic defect of neuromuscular transmission. These
myasthenic syndromes can be divided according to the fol-
lowing categories with distinct clinical features and specific
therapeutic needs:

(1) course type:
• ocular (in approximately 20% of MG patients)
• oropharyngeal or generalized

(2) age of onset:
• start before puberty
• early onset before the age of 50 years
• late onset after the age of 50 years [4]

(3) antibody specificity:
• anti-AChR
• anti-muscle-specific receptor tyrosine kinase (MuSK)
• anti-low-density lipoprotein receptor-related protein

4 (LRP4)
• seronegative MG

(4) pathology of the thymus
• normal/atrophic thymus pathology
• thymitis
• paraneoplastic occurrence associated with thymoma

In about 50% of those patients with ocular MG and in at
least 10–15% with a generalized disease, the testing for
autoantibodies to the AChR gives negative results. Some of
these ‘seronegative’ patients have low-affinity antibodies to
AChR that cannot be detected in standard solution phase
assays, but can be detected in a novel method developed by
a British group [5]. To increase sensitivity, recombinant
AChR subunits were expressed with the clustering protein,
rapsyn, in human embryonic kidney cells. Antibody binding
to the AChR clustered at cell surface is visualized by immu-
nofluorescence. Using this method, the British authors
detected AChR antibodies to rapsyn-clustered AChR in
two-thirds of sera previously negative for binding to AChR
in solution. Unfortunately, this laboratory method for

detection of low-affinity anti-AChR antibodies has not been
introduced commercially, and therefore it is not generally
available for diagnostic purposes.

However, the seronegativity present in some MG patients
does not result from the insufficient sensitivity of the
applied laboratory method. In this subset of seronegative
patients, myasthenic weakness comes from autoimmune
processes directed to postsynaptic targets distinct from the
AChR. Antibodies against MuSK are present in approxi-
mately 40% of seronegative cases with generalized MG, and
in another portion of myasthenic patients, antibodies
against LRP4 are detectable. MuSK and LRP4 are not
involved directly in the neuromuscular transmission, but in
the end-plate maturation. The membrane protein LRP4 is
the receptor of glycoprotein agrin, which is released by the
nerve terminal. Binding of agrin to LRP4 stimulates
myotubes to form clusters of AChRs linked via rapsyn [6].
The MuSK is involved in this cellular signal processing. The
anti-MuSK antibody-positive MG was identified in 2001
[7]. Little is still known about the MG with anti-LRP4 anti-
antibodies. This subtype was described independently in
2011 by two groups from Japan and Germany, respectively,
[8,9]. The anti-LRP4 MG occurs predominately in middle-
aged women. Overall, the clinical phenotype resembles
closely that of anti-AChR-positive MG. It should be empha-
sized that even after the identification of anti-LRP 4 some
MG patients are ‘triple seronegative’.

Anti-MuSK antibody-positive MG

There are several clinically important differences between
this type of MG and the anti-AChR antibody-positive type:
only rarely is muscular weakness limited to the eye muscles,
which are affected predominately in the majority of patients
with anti-AChR antibody-positive MG. However, it is not
possible to differentiate both types based only on clinical
presentation. Anti-MuSK-positive MG occurs predomi-
nately in middle-aged women. Patients with anti-MuSK
antibodies may have atypical presentations characterized by
prominent oropharyngeal, facial, neck and respiratory
muscle weakness. Facial and tongue atrophy may be present
by clinical examination and by magnetic resonance imaging
(MRI) [10]. The risk of myasthenic crisis is particularly
high, and the chances of achieving complete stable remis-
sion are significantly lower than in anti-AChR MG [11]. As
in the anti-AChR antibody-positive MG, neonatal myasthe-
nia occurs in some newborns of myasthenic mothers due to
transfer of maternal antibodies [12]. Furthermore, this type
of MG can be also induced by d-penicillamine medication
[13].

Immunological findings suggest that anti-MuSK MG
may be different in aetiological and pathological mecha-
nisms from the anti-AChR-positive MG. In anti-AChR MG,
antibodies of the immunoglobulin (Ig)G1 and IgG3 sub-
class modulate the AChR, cause complement activation and
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attract lymphocytes, acting together to decrease levels of the
AChR and AChR-associated proteins and to reduce postsyn-
aptic folding. In patients with anti-MuSK antibodies, there
is no evidence of loss of junctional folds and no apparent
loss of AChR density. Anti-MuSK antibodies are predomi-
nantly of the IgG4 isotype, which differs functionally from
other IgG subclasses in its anti-inflammatory activity. The
IgG4 antibodies do not cause complement activation at the
end-plate. Moreover, IgG4 undergoes a post-translational
modification termed ‘Fab arm exchange’ that prevents
cross-linking of antigens [14]. The transfer of immuno-
globulins from anti-MuSK-positive MG patients results in
end-plate destruction in the recipient animals [15]. The
anti-MuSK antibodies probably interfere with the cellular
agrin-MuSK signalling cascade that leads to the formation
of the AChR-rapsyn clusters. MuSK also anchors the
collagenic tail subunit of acetylcholinesterase, and it was
shown recently that passive transfer of anti-MuSK to mice
reduces the size and density of ColQ to approximately 10%
of controls [16].

For diagnosis, it is important to notice that needle
electromyography (EMG) may show findings suggestive for
myopathy in combination with abnormal spontaneous
activity. This can easily be misinterpreted as evidence for
inflammatory muscle disease [17]. Single-fibre EMG
recordings of limb muscles give often negative results as
these muscles are frequently spared and, on account of
cholinergic hypersensitivity, many patients do not improve
(or even do worse) with cholinesterase inhibitors. There-
fore, pharmacological testing with intravenous administra-
tion of acetylcholinesterase inhibitors (e.g. edrophonium
chloride, the so-called ‘Tensilon test’) is not useful in cases
of suspected anti-MuSK MG [18]. As in the anti-AChR
MG, there is a relationship between the individual anti-
MuSK serum concentration and disease activity [19]. In
MuSK-MG, thymus is normal or only very slightly affected
[20,21]. It seldom shows germinal centres, and those that
are present are small and similar to the small germinal
centres that can be found in healthy thymus. There is also
little or no activation of complement in the thymus. Thus,
these observations suggest that the thymus in anti-MuSK
myasthenia does not show any of the changes found in
anti-AChR myasthenia patients. Considering the lack of
evidence, we do not recommend thymectomy to our anti-
MuSK MG patients.

Acetylcholinesterase inhibitors, such as pyridostigmine,
are often poorly tolerated due to annoying muscle cramps.
Intensive immunosuppression is often required. Adminis-
tration of the anti-CD20 antibody rituximab (see below)
often results in a long-lasting, outstandingly good therapeu-
tic effect [22]. However, controlled prospective study-
collected data on the use of rituximab in MG are not yet
available. Apheresis and intravenous administration of
immunoglobulins are used to overcome severe exacerba-
tions of anti-MuSK MG [23].

Comorbidities

After confirmation of the diagnosis it is essential to identify
comorbidities associated frequently with MG. Due to the
possibility of a paraneoplastic aetiology, the search for a
thymoma is mandatory. Thymoma-associated MG is gener-
ally associated with anti-AChR antibodies and not with
anti-MuSK antibodies. In adults younger than 40 years of
age, the presence of antibodies against titin or against the
recombinant 30-kd titin fragment MGT30, respectively,
reliably indicates a thymoma [24]. Titin is a large protein of
the myofibrillar cytoskeleton. It is involved in the mainte-
nance of the sarcomere and binds to the contact point
between the A and I bands. Considering the low sensitivity
and specificity of serological testing, computerized tomog-
raphy (CT) or MR imaging studies are mandatory to rule
out the presence of a thymoma. The treatment of patients
with thymoma does not differ from those patients without
thymoma but is complicated by the necessity to treat the
neoplasm. Radiotherapy may be useful as adjuvant therapy
in cases with incomplete surgical resection with micro-
scopic or macroscopic residual thymoma tissue. Chemo-
therapy is considered a valid option in selected patients
with residual disease after local treatments or to improve
resectability of advanced tumours [25,26].

Furthermore, the following conditions are frequently
observed in MG patients.

Association with other autoimmune diseases. Other autoim-
mune diseases are especially thyroiditis, rheumatoid arthri-
tis or lupus erythematosus. Currently, the association of
neuromyelitis optica spectrum disorder (NMOSD) with
anti-aquaporin-4 antibodies and the anti-AChR antibody-
positive MG has been described [27]. Both immune diseases
occur at least 70 times more frequently in common than
would be expected by chance. NMOSD develop almost
exclusively in females with juvenile or early-onset MG [28].
MG frequently takes an unusually mild course in patients
with NMOSD. A history of thymectomy could be a possible
risk factor for the later development of NMOSD. NMOSD
symptoms may begin with perennial latency after thymec-
tomy [29]. In MG patients presenting with atypical motor
or optic symptoms, testing for anti-aquaporin-4 antibodies
should be ordered [28].

Inflammatory muscle disorders. In myasthenic patients, the
risk of myocarditis is increased [30]. This association had
already been described as ‘Herzmyasthenie’ by Leopold
Laquer in 1901. The German term ‘Herzmyasthenie’ means,
literally, myasthenia of the heart. Cardiac symptoms, such
as shortness of breath and exercise intolerance, might be
explained falsely by the existing MG. The possibility of
associated myocarditis, especially during exacerbations of
MG, must be kept in mind. Of more than 900 Japanese
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patients, myocarditis was found in three and myositis in six
individuals [31]. Myocarditis developed 13–211 months
after the MG onset and was characterized by heart failure
and arrhythmias. Myositis, developing before or at the same
time as MG, affected limb and paraspinal muscles. Seven
patients had one of these autoantibodies to titin, ryanodine
receptor and muscular voltage-gated potassium channel
Kv1·4, but not myositis-specific autoantibodies. Anti-Kv1·4
antibody-positive patients suffered from severe MG with
bulbar symptoms, crisis, thymoma, myocarditis and pro-
longed QT time on electrocardiography. These results con-
trast with a study on 129 Caucasian patients [32]. In this
cohort there were 22 (17%) anti-Kv1·4 antibody-positive
patients, most of them women with late-onset MG.

Consequences of muscular weakness. Many patients com-
plain of pain because of poor posture caused by the
myasthenic weakness. Analgesic medication and orthopae-
dic therapy, including physiotherapy, may alleviate these
frequent complaints. The risk of sleep apnoea syndrome is
increased and there is a high prevalence of sleep disturbance
among MG patients [33]. Sleep-related complaints may
help to identify subjects at risk for abnormal breathing
during sleep, even when daytime functional activity is
judged normal.

Treatment options

Treatment of MG is based on four different options which
take different amounts of time before muscular weakness
will improve (Fig. 1):

• improvement of neuromuscular transmission by acetyl-
choline esterase inhibitors, e.g. pyridostigmine

• treatment of acute exacerbations (plasmapheresis, immu-
noadsorption, intravenous immunoglobulin)

• immunosuppression
• thymectomy

For each patient, an individual treatment plan must be
compiled that will be adjusted further on the therapeutic
response during the course. Using the spectrum of treat-
ment options available nowadays, the majority of
myasthenic patients can have largely normal lives. Even
complete stable remission can be achieved in nearly every
fourth patient suffering from anti-AChR or double-negative
MG, respectively [11]. Unfortunately, treatment response is
much less favourable in anti-MuSK MG, with a significantly
increased risk of myasthenic crisis [34]. Experience shows,
however, that therapeutic errors occur frequently in MG.
For example, the hasty tapering of immunosuppressants is a
common mistake resulting in even life-threatening exacer-
bations of the disease activity. Many myasthenic patients
require life-long immunosuppressive therapy.

The current standard treatment of MG is hardly proven
by controlled studies. It is largely based on serendipity and
retrospective studies. For example, there are no studies on
the potential benefit of an early and intensive immunosup-
pression similar to the ‘hit hard and early’ treatment
concept in rheumatoid arthritis. Well-designed clinical trials
comparing currently available therapeutic options are
lacking. The choice of treatment modalities seems to rely
mainly on institutional preferences and the personal experi-
ences of the respective neurologist. However, conducting
controlled trials on the therapy of rare and heterogeneous
diseases, such as MG, is extremely difficult or even impossi-
ble. Moreover, poorly designed studies can even lead to
fallacies.

With optimal treatment, the prognosis is good in terms
of daily functions, quality of life and survival in the major-
ity of patients suffering from MG. A thorough synopsis of
the current standard therapy of MG is beyond the scope of
this article. Symptomatic treatment with acetylcholine
esterase inhibition is usually combined with immunosup-
pression. For decades, thymectomy has been performed in
younger adults to improve non-paraneoplastic MG [35].
However, controlled prospective studies on the suspected
benefit of this surgical procedure are still lacking. In view
of the lack of controlled trials, it is not surprising that
neurologists hold differing views to when, and even
if, a thymectomy is indicated in the course of non-
paraneoplastic MG. Probably the majority of neurolo-
gists recommend thymectomy to patients suffering from
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Fig. 1. Onset of action of the different therapy options in myasthenia

gravis. The administration of acetylcholinesterase inhibitors (AChE)

improves muscular weakness for several hours, but does not affect the

course of the disease. At the beginning of corticosteroid therapy there

is the risk of deterioration. Long-term therapy with corticosteroid

should be avoided. With the use of immunosuppressive drugs, such

as azathioprine, an effect on the myasthenic symptoms starts after

several months of therapy. Plasma exchange or the intravenous

immunoglobulins (IVIg) are used for myasthenic crisis. Both improve

myasthenic weakness for just a few weeks. Thymectomy might

influence beneficially the long-term course of non-paraneoplastic

myasthenia gravis.
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generalized, early-onset MG and who are positive for anti-
AChR antibodies. It is not recommended for anti-MuSK-
positive MG (see above). Some neurologists believe that
thymectomy is particularly beneficial if it is carried out
early in the course of illness. It is unclear if thymectomy
may reduce the risk of generalization in patients with purely
ocular symptoms. A better understanding of the indications
for surgery in non-paraneoplastic MG awaits well-designed
prospective studies. In addition, there is no surgical consen-
sus on whether the trans-sternal or the endoscopic proce-
dure should be given preference [36,37]. The final data
collection date for primary outcome measure of the MGTX
trial will not be announced before August 2015
(ClinicalTrials.gov Identifier: NCT00294658). This interna-
tional, prospective, randomized trial began in 2006 [38]. It
aims to evaluate the impact of extended transsternal
thymectomy on myasthenic symptoms, prednisone require-
ments and quality of life in patients with non-
thymomatous, anti-AChR-positive MG.

Drugs improving neuromuscular transmission:
acetylcholinesterase inhibitors

Pyridostigmine bromide is still the most commonly used
acetylcholinesterase inhibitor in the treatment of MG,
introduced more than 60 years ago [39]. The administra-
tion of acetylcholinesterase inhibitors is symptomatic
therapy without affecting the course of the disease with the
risk of intoxication at very high daily doses (so-called
‘cholinergic crisis’). The daily dose of pyridostigmine
bromide should exceed 600 mg only exceptionally. It is suit-
able as a long-term treatment in patients with very mild,
non-progressive disease, and as an adjunctive therapy in
patients with severe disease who are also on immuno-
therapy. In general, however, pyridostigmine provides only
limited benefit in severely affected patients. Pyridostigmine
may cause bradycardia, especially in elderly patients.
Increased bronchial and oral secretions are a serious
problem in patients with swallowing or respiratory insuffi-
ciency. Patients on higher daily doses frequently complain
about excessive sweating, muscle cramps and diarrhoea.
Switching medication to a sustained-release dosage form of
pyridostigmine, which is available in only a limited number
of countries (e.g. in the United States and Germany), may
help to increase tolerability of this medication [40].

Anti-sense oligonucleotides present a novel type of AChE
inhibition. AChE pre-mRNA is susceptible to alternative
splicing. MG is associated with expression of the read-
through transcript (AChE-R) which, unlike the normal
‘synaptic’ transcript (AChE-S), is not tethered to the post-
synaptic membrane, but is a soluble monomer in the synap-
tic cleft. In experimental autoimmune MG (EAMG),
inhibition of production of AChE-R using anti-sense oligo-
nucleotides results in a significant reduction in synaptic
expression of AChE-R. This improves muscle strength and

increases the survival rates of experimental animals with
EAMG [41]. In humans there are only preliminary data on
the therapeutic effect of Monarsen (EN101). This is a syn-
thetic 20-base anti-sense oligodeoxynucleotide directed
against the human AChE gene, modified to achieve stability
for oral administration. Recent in-vitro and in-vivo studies
indicate that EN101 is a Toll-like receptor (TLR)-9-specific
ligand that can suppress proinflammatory functions and
shift nuclear factor kappa B from the proinflammatory
canonical pathway to the anti-inflammatory alternative
pathway [42]. TLR-9 is a member of the TLR family, which
plays a fundamental role in pathogen recognition and acti-
vation of innate immunity.

Treatment of acute exacerbations

Plasmapheresis, immunoadsorption and the intravenous
administration of immunoglobulins, respectively, are used
for crisis intervention. Only rarely do patients depend upon
one of these therapies for a longer period of time [43]. Tra-
ditional plasma exchange entails removal of the pathogenic
antibodies and other plasma components, such as soluble
adhesion molecules and cytokines, separation from other
blood components and then supplementation with 5%
human albumin and crystalloids. The procedure may
be carried out by plasma filtration techniques, plasma
separation and more recently by antigen-specific
immunoadsorption techniques that enable the return of
non-pathogenic blood components to the patient. A stand-
ard course in MG entails five exchanges on alternating days
utilizing 2–4 litres per exchange [44]. Venous access for
plasma exchange can be achieved by central venous cath-
eters or peripheral veins, and the preferred method varies
among providers. Very recently, one retrospective study
showed that peripheral veins access can be used successfully
in most myasthenic patients and reduces the risk of serious
and even lethal complications of the procedure [45].

A number of case reports and smaller, uncontrolled case
series showed evidence for a roughly comparable clinical
efficacy of plasmapheresis and immunoadsorption.
However, the latter method avoids the necessity to substi-
tute plasma replacement solution. This might result in
better tolerability. Indeed, the first controlled study compar-
ing the efficacy and safety of both treatments in myasthenic
crisis confirms this advantage [46]. The use of high-dose
intravenous immunoglobulin (IVIg) has gained wide appli-
cation in the treatment of severe MG. Their mechanism of
action is quite complex and not fully understood. IVIg
seems to affect immune homeostasis by interfering at mul-
tiple levels, including modulation of the pathogenic autoan-
tibody response, inhibition of complement activation and
interference with the membrane attack complex formation,
modulation of Fc receptors, down-regulation of the patho-
genic cytokine responses and suppression of T cell function.
The procedure usually entails the administration of 0·4 g/kg
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body weight human pooled IgG over 3 or 5 days [44]. In
acute exacerbations, including myasthenic crisis, intrave-
nous Ig and plasma exchange have good and similar effects
[47,48]. The major drawback of both is the relatively short-
lived (in general up to 6 weeks) improvement in strength
that makes the co-administration of longer acting immuno-
suppressive or immunomodulatory agents necessary.

Immunosuppressants

Azathioprine still remains the first choice for long-term
immunosuppressive therapy. However, it is important to
point out that there are only very limited data from con-
trolled studies on the efficacy of azathioprine [49]. A sig-
nificant disadvantage of azathioprine is the delayed onset of
action. Commonly, azathioprine is therefore started com-
bined with prednisolone to achieve a rapid therapeutic
effect. Individually adjusted to the patient’s needs, the pred-
nisolone daily dose is then reduced gradually over a pro-
longed period of time. In a randomized double-blind study
of 34 MG patients published in 1998, Palace et al. [49] com-
pared prednisolone and azathioprine versus prednisolone
alone who were followed-up for 3 years. One group received
prednisolone (on alternate days) plus azathioprine (2·5 mg/
kg); the other group received prednisolone on alternate days
plus placebo. Initial high-dose prednisolone (1·5 mg/kg on
alternate days) was tapered at remission to the minimal
dose required to maintain remission. The prednisolone dose
did not differ significantly between the two groups at 1 year
but was reduced at 2 and 3 years in the azathioprine group.
Patients with refractory disease or azathioprine intolerance
are dependent upon alternative corticosteroid sparing
immunosuppressive treatment options than azathioprine.
Many patients with generalized MG require lifelong immu-
nosuppression.

Corticosteroids are the least expensive, most reliable and
rapid-acting drugs for immunomodulation in MG. This
appraisal is based on general clinical experience rather than
controlled studies. Their long-term use is complicated by
severe and often intolerable adverse effects. The optimal
manner to initiate corticosteroids depends upon the sever-
ity of weakness. It is important to note that with the initia-
tion of higher doses, e.g. 60–100 mg prednisolone per day,
some patients develop a significant exacerbation of
myasthenic weakness, usually within the first day of treat-
ment. The cause of this clinical phenomenon is elusive. In
ocular MG a lower dose of prednisolone for a limited
period of time, e.g. 20 mg for 2–4 weeks, can result in a pro-
nounced improvement.

Cyclophosphamide. Cyclophosphamide pulses (500–
1000 mg/m2) given every 4–12 weeks has been used occa-
sionally for refractory MG. Alternatively, it can also be given
orally in a daily dose of 1–2 mg/kg body weight. Cyclophos-
phamide may be used only cautiously because of its

myelotoxicity. Therefore, it is mandatory to evaluate again
the necessity of the cyclophosphamide treatment after 6
months of treatment by omitting the medication or by
tapering the daily dose, respectively. In pulse treatment, suf-
ficient diuresis and the adjuvant mesna are required to
reduce the risk of haemorrhagic cystitis. Additionally, myo-
cardial damage, pulmonary fibrosis and cancer induction
are possible consequences of the use of cyclophosphamide.
Drachman et al. [50] treated three myasthenic patients, for
whom treatment with thymectomy, plasmapheresis and
conventional immunosuppressive treatment failed, using
high-dose cyclophosphamide (50 mg/kg/day intravenously
for 4 days) followed by granulocyte colony-stimulating
factor. It is known that such immunoablative treatment
with high-dose cyclophosphamide does not damage haema-
topoietic stem cells, permitting repopulation of the immune
system without bone marrow transplant. All three patients
showed marked improvement in myasthenic weakness.

Methotrexate

Methotrexate is a commonly used alternative to azathio-
prine. It is an anti-metabolite which has been used for
decades in cancer therapy. In low doses, methotrexate is a
generally safe and well-tolerated drug in the treatment of
certain autoimmune diseases. However, there is only limited
evidence for the effectiveness in MG. A recently published,
single-blind study from South Africa provides evidence that
methotrexate is an effective steroid-sparing agent 10
months after treatment initiation in generalized MG [51].
This study suggests that methotrexate has similar efficacy
and tolerability to azathioprine.

Mycophenolate mofetil. Several retrospective case–series
have suggested a very beneficial effect of this immunosup-
pressant. It is a reversible inhibitor of inosine mono-
phosphate dehydrogenase in purine biosynthesis, which is
necessary for T cells and B cells. Other cells are able to
recover purines via a separate scavenger pathway and are
thus able to escape the effect. Most patients well tolerate
daily doses of 1–2·5 g. Two pivotal studies did not confirm
the efficacy of mycophenolate in MG [52,53]. However, it is
important to note the relevant limitations of both studies.
For example, the observation periods of 12 and 36 weeks,
respectively, appear to be too short for an assessment of the
drug effect in MG. In the open follow-up, patients on
mycophenolate monotherapy began to improve between 6
and 12 months. In the combination therapy group, pred-
nisone dose decreased after 12 months [54]. After more
than 24 months, 53% were off prednisone and 75% took
less than 7·5 mg prednisone per day. This follow-up cor-
roborates the experience of previous retrospective and pilot
studies in demonstrating that mycophenolate is an effective
treatment for myasthenic patients as either monotherapy
or adjunctive therapy to prednisone. The long follow-up
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demonstrated a steroid-sparing effect of mycophenolate
during the second and third year of therapy that could not
be demonstrated by studies of shorter duration. This illus-
trates that retrospective studies using rigorous outcomes
measures can provide valuable information that may not
be available from in short-term randomized controlled
trials [54].

Cyclosporin and tacrolimus. Both are powerful immuno-
suppressive drugs used widely to prevent organ rejection
after transplantation and in the treatment of autoimmune
diseases. Although not structurally related to cyclosporin,
tacrolimus has a similar mechanism of action and it has
increasingly replaced cyclosporin for chronic immunosup-
pression after transplantation. Cyclosporin is a cyclic
nonribosomal peptide of 11 amino acids and contains a
single d-amino acid. Instead, tacrolimus has a macrolide
lactone structure. Both inhibit the transcriptional activation
of lymphokine and other genes required for T cell prolifera-
tion. The first step in mediating immunosuppressive effects
is the binding to their respective intracellular receptors, the
immunophilin. The drug/immunophilin complex binds to
and inhibits the calcium/calmodulin-dependent serine/
threonine phosphatase calcineurin. Under normal circum-
stances, calcineurin is responsible for activating the
transcription of interleukin 2. Possible risks of both drugs
include nephrotoxicity, encephalopathy, hypertension and
tremor.

Cyclosporin is the immunosuppressive agent that revolu-
tionized organ transplantation in the early 1980s by dou-
bling the 1-year survival rate of cadaveric allografts.
However, there are only scattered studies on the use of
cyclosporin in MG [55–58]. In one controlled prospective
and placebo-controlled study, 39 patients with steroid-
dependent generalized MG received cyclosporin (5 mg/kg
per body weight) or placebo for 6 months [56]. At the end
of the study, patients in the cyclosporin group had signifi-
cantly greater improvement in strength and a reduction in
antibody titre. Percentage reduction of steroid medication
was greater in the cyclosporin group, although the differ-
ence was not statistically significant. Cumulative side effects,
however, caused a third of the patients to discontinue the
medication; 10% did so secondary to slowly progressive
nephrotoxicity. From our point of view, the limited evi-
dence does not justify cyclosporin as a first-line immuno-
suppressant in MG. It is a reserve drug whose use is
restricted due to serious side effects, numerous drug
interactions, relatively high therapy costs and the necessity
of regular measurements of the cyclosporin blood
concentrations.

Tacrolimus suppresses the induction of experimental
autoimmune myasthenianin rats [59]. In several small case–
series tacrolimus lowered steroid requirements and induced
stable remissions in MG [60–63]. Recently, a double-blind,
placebo-controlled, parallel group study focused on the

ability of tacrolimus to reduce the corticosteroid dose in
patients with stable myasthenic symptoms on prednisolone
at doses equivalent to 10–20 mg/day [64]. Patients received
tacrolimus or placebo for 28 weeks and the corticosteroid
dose was tapered with the procedures specified in the study
protocol. Unfortunately, this short-duration trial provided a
disappointing result regarding the primary efficacy end-
point: the two study groups did not differ in the mean daily
steroid dose. Besides immunosuppression, tacrolimus might
have the potential to increase muscle strength by enhancing
this ryanodine receptor function [65]. However, it is doubt-
ful if this effect is indeed of clinical significance.

Emerging therapy options

Rituximab. The use of monoclonal antibodies with an
innovative mode of action is promising, and might change
the treatment of MG significantly in the coming years. A
particularly promising candidate is rituximab. This is a
genetically engineered chimeric mouse/human monoclonal
antibody representing a glycosylated immunoglobulin with
human IgG1 constant regions and murine light- and heavy-
chain variable region sequences [66–69]. The antibody is
produced by mammalian (Chinese hamster ovary) cell sus-
pension culture. It is approved for the treatment of some
lymphoma types and of severe active rheumatoid arthritis
in adults who have had an inadequate response or intoler-
ance to other disease modifying anti-rheumatic drugs.
Rituximab binds specifically to the transmembrane antigen,
CD20, a non-glycosylated phosphoprotein, located on pre-B
and mature B lymphocytes. CD20 is found on both normal
and malignant B cells, but not on haematopoietic stem cells,
pro-B cells, normal plasma cells or other normal tissue. Tox-
icity studies have shown no other effect than the expected
pharmacological depletion of B cells in peripheral blood
and in lymphoid tissue. Peripheral B cell counts decline
below normal following completion of the first dose of
rituximab. B cell repletion begins within 6 months of treat-
ment returning to normal levels between 9 and 12 months
after completion of therapy [66,67].

Rituximab provides promising expectations for the treat-
ment of MG, although no randomized controlled trials have
been conducted so far. Case reports, retrospective small
series and uncontrolled studies describe a long-lasting and
pronounced clinical benefit due to rituximab even in
severely affected, drug-resistant patients with MG [22,70–
78]. Most interestingly, this might give better clinical benefit
and last longer in anti-MuSK than in anti-AChR MG
patients. Diaz-Manera et al. [22] treated six anti-MuSK-
and 11 anti-AChR-positive MG patients with rituximab. All
the patients included in this study were resistant to previous
therapies and were classes III to V in the Myasthenia Gravis
Foundation America classification. MuSK antibodies
decreased dramatically during the follow-up after a single
rituximab cycle. However, AChR antibodies remained at the
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same titres during the same period of time. After a mean
post-treatment period of 31 months, 10 of the anti-AChR
patients improved but six of them needed reinfusions. In
contrast, all anti-MuSK patients achieved a remission or
minimal manifestations status and no reinfusions were
needed. Consequently, in the anti-MuSK group, prednisone
doses were reduced significantly and concomitant immuno-
suppressants could be withdrawn.

Infusion reactions including fever, chills and shivering are
the most common side effects of rituximab. Pretreatment
with hydrocortisone and diphenhydramine ameliorates
these reactions. Very rare cases of progressive multi-focal
leucoencephalopathy (PML) have been reported during the
use of rituximab in lymphoma patients. The majority of
patients suffering from this life-threatening complication
had received rituximab in combination with chemotherapy.
Cases of fatal PML have been reported following off-label
use of rituximab for the treatment of certain autoimmune
diseases, including systemic lupus erythematosus (SLE),
rheumatoid arthritis and vasculitis. These patients with
autoimmune diseases had a history of prior or concurrent
immunosuppressive therapy and were diagnosed with PML
within 12 months of their last infusion of rituximab [79–
82]. To date, there are no reports on the occurrence of PML
in patients treated with rituximab for MG.

Bortezomib. This is a proteasome inhibitor approved for
treating patients with multiple myeloma, a plasma cell
malignancy. Recent preclinical studies in cell cultures and
animal models, and clinical studies in organ-transplant
recipients, have demonstrated that bortezomib can kill non-
neoplastic plasma cells within hours. This suggests that
proteasome inhibitors could also be used for rapidly reduc-
ing autoantibody production in MG [83].

Belimumab. B cell activating factor (BAFF) is a potent B
cell survival factor, and plays an essential role in B cell
homeostasis and B cell function in the periphery [84,85].
Because BAFF is a crucial and potent factor for the survival
and growth of B cells, both normal and autoreactive B cells
compete for available BAFF. BAFF levels appear to regulate
the survival threshold for B cells. Autoreactive B cells are
poorly competitive for survival and they appear to be more
dependent upon BAFF for their survival. BAFF levels are
increased in the circulation of MG patients [86]. BAFF
antagonists such as the monoclonal antibody belimumab
may well provide new treatment options for MG.
Belimumab is already approved in the United States,
Canada and Europe for treatment of systemic lupus
erythematosus.

Eculizumab. Complement activation at the neuromuscular
junction may be the primary cause of acetylcholine receptor
loss and failure of neuromuscular transmission seen in MG.

Eculizumab, a humanized monoclonal antibody, blocks the
formation of terminal complement complex by selectively
preventing the enzymatic cleavage of C5. It is the first
therapy approved for the treatment of paroxysmal noctur-
nal haemoglobinuria. The results of one pilot Phase II study
on the use of eculizumab in severe and refractory general-
ized MG are published in abstract form [87]. The purpose
of this study was to determine whether or not eculizumab is
safe and effective, despite treatment with various immuno-
suppressants that are currently available. The study has
shown a significant clinical benefit of eculizumab in
improving MG compared to placebo. Eculizumab was safe
and well tolerated in all treated patients.

Etanercept. Etanercept blocks tumour necrosis factor
(TNF)-α activity. It has European approval to treat rheuma-
toid arthritis, juvenile rheumatoid arthritis and psoriatic
arthritis, plaque psoriasis and ankylosing spondylitis. In
animals, it suppresses ongoing experimental MG [88]. This
observation resulted in a small prospective trial on the
effect in corticosteroid-dependent MG. Eleven patients were
enrolled, with eight completing this 6-month trial. Two
patients were withdrawn owing to disease worsening, and
one patient was withdrawn because of an erythematous
skin rash. Six of the eight patients who completed the trial
improved, based on quantitative measures of muscle
strength and lowering of corticosteroid requirement [89].
In addition to these disappointing study results, there are
scattered case reports on patients who developed MG while
taking etanercept and had resolution of symptoms after
stopping it [90].

Granulocyte–macrophage colony-stimulating factor (GM-
CSF). Forkhead box protein 3 (FoxP3) is a transcription
factor necessary for the function of regulatory T cells (Tregs)
[91]. Tregs maintain immune homeostasis and self-tolerance
and play an important role in the prevention of autoim-
mune disease. In-vitro administration of GM-CSF enhances
the suppressive function of Tregs and up-regulated FoxP3
expression in Tregs. There is one single case report on a
patient with a prolonged myasthenic crisis refractory to
conventional immunomodulatory treatments who was
treated with GM-CSF [92]. This 77-year-old man received
750 μg GM-CSF daily for 3 days followed by 250 μg/day for
3 days. After the fifth dose of GM-CSF, he had improved
generalized strength and was eventually weaned from the
ventilator.

The pillars of current MG therapy were already
introduced more than 40 years ago. These are still
pyridostigmine, corticosteroids, azathioprine and thymec-
tomy. However, first experiences with new drugs, e.g.
rituximab, are highly promising. It could be that the treat-
ment of MG will change substantially until the end of this
decade, but we are still far from a targeted immunotherapy.

TRANSLATIONAL NEUROIMMUNOLOGY REVIEW SERIES

Update on myasthenia gravis

415© 2013 British Society for Immunology, Clinical and Experimental Immunology, 175: 408–418



Disclosure

The author discloses no conflicts of interest.

References

1 Pakzad Z, Aziz T, Oger J. Increasing incidence of myasthenia

gravis among elderly in British Columbia, Canada. Neurology

2011; 76:1526–8.

2 Pallaver F, Riviera AP, Piffer S et al. Change in myasthenia gravis

epidemiology in Trento, Italy, after twenty years. Neuroe-

pidemiology 2011; 36:282–7.

3 Matsuda M, Dohi-Iijima N, Nakamura A et al. Increase in inci-

dence of elderly-onset patients with myasthenia gravis in Nagano

Prefecture, Japan. Intern Med 2005; 44:572–7.

4 Zivkovic SA, Clemens PR, Lacomis D. Characteristics of late-onset

myasthenia gravis. J Neurol 2012; 259:2167–71.

5 Leite MI, Jacob S, Viegas S et al. IgG1 antibodies to acetylcholine

receptors in ‘seronegative’ myasthenia gravis. Brain 2008;

131:1940–52.

6 Wu H, Xiong WC, Mei L. To build a synapse: signaling pathways

in neuromuscular junction assembly. Development 2010;

137:1017–33.

7 Hoch W, McConville J, Helms S, Newsom-Davis J, Melms A,

Vincent A. Auto-antibodies to the receptor tyrosine kinase MuSK

in patients with myasthenia gravis without acetylcholine receptor

antibodies. Nat Med 2001; 7:365–8.

8 Pevzner A, Schoser B, Peters K et al. Anti-LRP4 autoantibodies in

AChR- and MuSK-antibody-negative myasthenia gravis. J Neurol

2012; 259:427–35.

9 Zhang B, Tzartos JS, Belimezi M et al. Autoantibodies to

lipoprotein-related protein 4 in patients with double-seronegative

myasthenia gravis. Arch Neurol 2012; 69:445–51.

10 Farrugia ME, Robson MD, Clover L et al. MRI and clinical

studies of facial and bulbar muscle involvement in MuSK

antibody-associated myasthenia gravis. Brain 2006; 129:

1481–92.

11 Baggi F, Andreetta F, Maggi L et al. Complete stable remission and

autoantibody specificity in myasthenia gravis. Neurology 2013;

80:188–95.

12 Behin A, Mayer M, Kassis-Makhoul B et al. Severe neonatal myas-

thenia due to maternal anti-MuSK antibodies. Neuromuscul

Disord 2008; 18:443–6.

13 Poulas K, Koutsouraki E, Kordas G, Kokla A, Tzartos SJ. Anti-

MuSK- and anti-AChR-positive myasthenia gravis induced by

d-penicillamine. J Neuroimmunol 2012; 250:94–8.

14 Gomez AM, Van Den Broeck J, Vrolix K et al. Antibody

effector mechanisms in myasthenia gravis-pathogenesis at

the neuromuscular junction. Autoimmunity 2010; 43:353–

70.

15 Cole RN, Reddel SW, Gervasio OL, Phillips WD. Anti-MuSK

patient antibodies disrupt the mouse neuromuscular junction.

Ann Neurol 2008; 63:782–9.

16 Kawakami Y, Ito M, Hirayama M et al. Anti-MuSK autoantibodies

block binding of collagen Q to MuSK. Neurology 2011; 77:1819–

26.

17 Guptill JT, Sanders DB, Evoli A. Anti-MuSK antibody myasthenia

gravis: clinical findings and response to treatment in two large

cohorts. Muscle Nerve 2011; 44:36–40.

18 Pasnoor M, Wolfe GI, Nations S et al. Clinical findings in MuSK-

antibody positive myasthenia gravis: a U.S. experience. Muscle

Nerve 2010; 41:370–4.

19 Niks EH, van Leeuwen Y, Leite MI et al. Clinical fluctuations in

MuSK myasthenia gravis are related to antigen-specific IgG4

instead of IgG1. J Neuroimmunol 2008; 195:151–6.

20 Lauriola L, Ranelletti F, Maggiano N et al. Thymus changes in

anti-MuSK-positive and -negative myasthenia gravis. Neurology

2005; 64:536–8.

21 Leite MI, Strobel P, Jones M et al. Fewer thymic changes in MuSK

antibody-positive than in MuSK antibody-negative MG. Ann

Neurol 2005; 57:444–8.

22 Diaz-Manera J, Martinez-Hernandez E, Querol L et al. Long-

lasting treatment effect of rituximab in MuSK myasthenia. Neu-

rology 2012; 78:189–93.

23 Takahashi H, Kawaguchi N, Nemoto Y, Hattori T. High-dose

intravenous immunoglobulin for the treatment of MuSK

antibody-positive seronegative myasthenia gravis. J Neurol Sci

2006; 247:239–41.

24 Voltz RD, Albrich WC, Nagele A et al. Paraneoplastic myasthenia

gravis: detection of anti-MGT30 (titin) antibodies predicts thymic

epithelial tumor. Neurology 1997; 49:1454–7.

25 Spaggiari L, Casiraghi M, Guarize J. Multidisciplinary

treatment of malignant thymoma. Curr Opin Oncol 2012;

24:117–22.

26 Venuta F, Rendina EA, Anile M, de Giacomo T, Vitolo D, Coloni

GF. Thymoma and thymic carcinoma. Gen Thorac Cardiovasc

Surg 2012; 60:1–12.

27 Leite MI, Coutinho E, Lana-Peixoto M et al. Myasthenia gravis

and neuromyelitis optica spectrum disorder: a multicenter study

of 16 patients. Neurology 2012; 78:1601–7.

28 Jarius S, Paul F, Franciotta D et al. Neuromyelitis optica spectrum

disorders in patients with myasthenia gravis: ten new aquaporin-4

antibody positive cases and a review of the literature. Mult Scler

2012; 18:1135–43.

29 Kister I, Gulati S, Boz C et al. Neuromyelitis optica in patients with

myasthenia gravis who underwent thymectomy. Arch Neurol

2006; 63:851–6.

30 Aarli JA. Herzmyasthenie: myasthenia of the heart. Arch Neurol

2009; 66:1322–3.

31 Suzuki S, Utsugisawa K, Yoshikawa H et al. Autoimmune targets of

heart and skeletal muscles in myasthenia gravis. Arch Neurol 2009;

66:1334–8.

32 Romi F, Suzuki S, Suzuki N, Petzold A, Plant GT, Gilhus NE. Anti-

voltage-gated potassium channel Kv1.4 antibodies in myasthenia

gravis. J Neurol 2012; 259:1312–6.

33 De Lapiscina EH, Aguirre ME, Blanco TA, Pascual IJ. Myasthenia

gravis: sleep quality, quality of life, and disease severity. Muscle

Nerve 2012; 46:174–80.

34 Deymeer F, Gungor-Tuncer O, Yilmaz V et al. Clinical comparison

of anti-MuSK- vs anti-AChR-positive and seronegative myasthe-

nia gravis. Neurology 2007; 68:609–11.

35 Sonett JR, Jaretzki A, III. Thymectomy for nonthymomatous

myasthenia gravis: a critical analysis. Ann NY Acad Sci 2008;

1132:315–28.

36 Youssef SJ, Louie BE, Farivar AS, Blitz M, Aye RW, Vallieres E.

Comparison of open and minimally invasive thymectomies at a

single institution. Am J Surg 2010; 199:589–93.

37 Lin MW, Chang YL, Huang PM, Lee YC. Thymectomy for non-

thymomatous myasthenia gravis: a comparison of surgical

TRANSLATIONAL NEUROIMMUNOLOGY REVIEW SERIES

J. P. Sieb

416 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 175: 408–418



methods and analysis of prognostic factors. Eur J Cardiothorac

Surg 2010; 37:7–12.

38 Newsom-Davis J, Cutter G, Wolfe GI et al. Status of the thymec-

tomy trial for nonthymomatous myasthenia gravis patients receiv-

ing prednisone. Ann NY Acad Sci 2008; 1132:344–7.

39 Maggi L, Mantegazza R. Treatment of myasthenia gravis: focus on

pyridostigmine. Clin Drug Invest 2011; 31:691–701.

40 Sieb JP, Köhler W. Benefits from sustained-release pyridos-

tigmine bromide in myasthenia gravis: results of a prospective

multicenter open-label trial. Clin Neurol Neurosurg 2010;

112:781–4.

41 Sussman JD, Argov Z, McKee D, Hazum E, Brawer S, Soreq H.

Antisense treatment for myasthenia gravis: experience with

monarsen. Ann NY Acad Sci 2008; 1132:283–90.

42 Sussman J, Argov Z, Wirguin Y, Apolski S, Milic-Rasic V, Soreq H.

Further developments with antisense treatment for myasthenia

gravis. Ann NY Acad Sci 2012; 1275:13–6.

43 Wagner S, Janzen RW, Mohs C, Pohlmann S, Klingel R,

Grützmacher PW. Long-term treatment of refractory myasthenia

gravis with immunoadsorption. Dtsch Med Wochenschr 2008;

133:2377–82 [in German].

44 Jani-Acsadi A, Lisak RP. Myasthenic crisis: guidelines for preven-

tion and treatment. J Neurol Sci 2007; 261:127–33.

45 Guptill JT, Oakley D, Kuchibhatla M et al. A Retrospective study

of complications of therapeutic plasma exchange in myasthenia.

Muscle Nerve 2013; 47:170–6.

46 Köhler W, Bucka C, Klingel R. A randomized and controlled study

comparing immunoadsorption and plasma exchange in

myasthenic crisis. J Clin Apher 2011; 26:347–55.

47 Barth D, Nabavi NM, Ng E, Nwe P, Bril V. Comparison of IVIg

and PLEX in patients with myasthenia gravis. Neurology 2011;

76:2017–23.

48 Mandawat A, Kaminski HJ, Cutter G, Katirji B, Alshekhlee A.

Comparative analysis of therapeutic options used for myasthenia

gravis. Ann Neurol 2010; 68:797–805.

49 Palace J, Newsom-Davis J, Lecky B, Myasthenia Gravis Study

Group. A randomized double-blind trial of prednisolone alone or

with azathioprine in myasthenia gravis. Neurology 1998; 50:1778–

83.

50 Drachman DB, Jones RJ, Brodsky RA. Treatment of refractory

myasthenia: ‘rebooting’ with high-dose cyclophosphamide. Ann

Neurol 2003; 53:29–34.

51 Heckmann JM, Rawoot A, Bateman K, Renison R, Badri M. A

single-blinded trial of methotrexate versus azathioprine as steroid-

sparing agents in generalized myasthenia gravis. BMC Neurol

2011; 11:97.

52 Sanders DB, Hart IK, Mantegazza R et al. An international, phase

III, randomized trial of mycophenolate mofetil in myasthenia

gravis. Neurology 2008; 71:400–6.

53 Muscle Study Group. A trial of mycophenolate mofetil with pred-

nisone as initial immunotherapy in myasthenia gravis. Neurology

2008; 71:394–9.

54 Hehir MK, Burns TM, Alpers J, Conaway MR, Sawa M, Sanders

DB. Mycophenolate mofetil in AChR-antibody-positive myasthe-

nia gravis: outcomes in 102 patients. Muscle Nerve 2010;

41:593–8.

55 Schalke B, Kappos L, Rohrbach E et al. Cyclosporin A versus aza-

thioprine in the treatment of myasthenia gravis: final results of a

randomized, controlled double-blind clinical trial. Neurology

1988; 38 (Suppl. 1):135.

56 Tindall RS, Phillips JT, Rollins JA, Wells L, Hall K. A clinical thera-

peutic trial of cyclosporine in myasthenia gravis. Ann NY Acad Sci

1993; 681:539–51.

57 Bonifati DM, Angelini C. Long-term cyclosporine treatment in a

group of severe myasthenia gravis patients. J Neurol 1997;

244:542–7.

58 Nagane Y, Suzuki S, Suzuki N, Utsugisawa K. Two-year treatment

with cyclosporine microemulsion for responder myasthenia gravis

patients. Eur Neurol 2010; 64:186–90.

59 Yoshikawa H, Iwasa K, Satoh K, Takamori M. FK506 prevents

induction of rat experimental autoimmune myasthenia gravis. J

Autoimmun 1997; 10:11–6.

60 Ponseti JM, Gamez J, Azem J et al. Post-thymectomy combined

treatment of prednisone and tacrolimus versus prednisone alone

for consolidation of complete stable remission in patients with

myasthenia gravis: a non-randomized, non-controlled study. Curr

Med Res Opin 2007; 23:1269–78.

61 Evoli A, Di SC, Marsili F, Punzi C. Successful treatment

of myasthenia gravis with tacrolimus. Muscle Nerve 2002;

25:111–4.

62 Ponseti JM, Fort JM, Espin E, Armengol M. Tacrolimus (FK506)

in the treatment of prednisone-resistant myasthenia gravis.

Preliminary results of 20 cases. Med Clin (Barc) 2002; 118:117

[In Spanish].

63 Minami N, Fujiki N, Doi S et al. Five-year follow-up with low-

dose tacrolimus in patients with myasthenia gravis. J Neurol Sci

2011; 300:59–62.

64 Yoshikawa H, Kiuchi T, Saida T, Takamori M. Randomised,

double-blind, placebo-controlled study of tacrolimus in

myasthenia gravis. J Neurol Neurosurg Psychiatry 2011; 82:

970–7.

65 Imai T, Tsuda E, Hozuki T et al. Early effect of tacrolimus in

improving excitation–contraction coupling in myasthenia gravis.

Clin Neurophysiol 2012; 123:1886–90.

66 Onrust SV, Lamb HM, Balfour JA. Rituximab. Drugs 1999; 58:79–

88.

67 Cheson BD. Rituximab: clinical development and future direc-

tions. Expert Opin Biol Ther 2002; 2:97–110.

68 Rommer PS, Zettl UK, Kieseier B. Requirement for safety moni-

toring for approved multiple sclerosis therapies: an overview. Clin

Exp Immunol 2014; 175:397–407.

69 Rommer PS, Dudesek A, Stüve O and Zettl UK. Monoclonal anti-

bodies in treatment of multiple sclerosis. Clin Exp Immunol 2014;

175:373–84.

70 Collongues N, Casez O, Lacour A et al. Rituximab in refractory

and non-refractory myasthenia: a retrospective multicenter study.

Muscle Nerve 2012; 46:687–91.

71 Stieglbauer K, Topakian R, Schäffer V, Aichner FT. Rituximab for

myasthenia gravis: three case reports and review of the literature. J

Neurol Sci 2009; 280:120–2.

72 Stein B, Bird SJ. Rituximab in the treatment of MuSK antibody-

positive myasthenia gravis. J Clin Neuromuscul Dis 2011;

12:163–4.

73 Nelson RP Jr, Pascuzzi RM, Kessler K et al. Rituximab for

the treatment of thymoma-associated and de novo myasthenia

gravis: 3 cases and review. J Clin Neuromuscul Dis 2009;

10:170–7.

74 Maddison P, McConville J, Farrugia ME et al. The use of

rituximab in myasthenia gravis and Lambert–Eaton myasthenic

syndrome. J Neurol Neurosurg Psychiatry 2011; 82:671–3.

TRANSLATIONAL NEUROIMMUNOLOGY REVIEW SERIES

Update on myasthenia gravis

417© 2013 British Society for Immunology, Clinical and Experimental Immunology, 175: 408–418



75 Zebardast N, Patwa HS, Novella SP, Goldstein JM. Rituximab in

the management of refractory myasthenia gravis. Muscle Nerve

2010; 41:375–8.

76 Lindberg C, Bokarewa M. Rituximab for severe myasthenia

gravis – experience from five patients. Acta Neurol Scand 2010;

122:225–8.

77 Evoli A, Bianchi MR, Riso R et al. Response to therapy in myasthe-

nia gravis with anti-MuSK antibodies. Ann NY Acad Sci 2008;

1132:76–83.

78 Kerkeni S, Marotte H, Miossec P. Improvement with rituximab in

a patient with both rheumatoid arthritis and myasthenia gravis.

Muscle Nerve 2008; 38:1343–5.

79 Molloy ES. PML and rheumatology: the contribution of disease

and drugs. Cleve Clin J Med 2011; 78 (Suppl. 2):S28–S32.

80 Bharat A, Xie F, Baddley JW et al. Incidence and risk factors for

progressive multifocal leukoencephalopathy among patients with

selected rheumatic diseases. Arthritis Care Res (Hoboken) 2012;

64:612–5.

81 Palazzo E, Yahia SA. Progressive multifocal leukoencephalopathy

in autoimmune diseases. Joint Bone Spine 2012; 79:351–5.

82 Molloy ES, Calabrese LH. Progressive multifocal leukoen-

cephalopathy associated with immunosuppressive therapy in

rheumatic diseases: evolving role of biologic therapies. Arthritis

Rheum 2012; 64:3043–51.

83 Gomez AM, Willcox N, Molenaar PC et al. Targeting plasma cells

with proteasome inhibitors: possible roles in treating myasthenia

gravis? Ann NY Acad Sci 2012; 1274:48–59.

84 Ragheb S, Lisak RP. B-cell-activating factor and autoimmune

myasthenia gravis. Autoimmune Dis 2011; 2011:939520.

85 Lisak RP, Ragheb S. The role of B cell-activating factor in autoim-

mune myasthenia gravis. Ann NY Acad Sci 2012; 1274:60–7.

86 Ragheb S, Lisak R, Lewis R, Van SG, Gonzales F, Simon K. A

potential role for B-cell activating factor in the pathogenesis of

autoimmune myasthenia gravis. Arch Neurol 2008; 65:1358–62.

87 Howard JF Jr, Barohn RJ, Cutter GR et al. A randomized, double-

blind, placebo-controlled Phase II study of eculizumab in patients

with refractory generalized myasthenia gravis. Muscle Nerve 2013;

48:76–84.

88 Christadoss P, Goluszko E. Treatment of experimental autoim-

mune myasthenia gravis with recombinant human tumor necrosis

factor receptor Fc protein. J Neuroimmunol 2002; 122:186–90.

89 Rowin J, Meriggioli MN, Tuzun E, Leurgans S, Christadoss P.

Etanercept treatment in corticosteroid-dependent myasthenia

gravis. Neurology 2004; 63:2390–2.

90 Fee DB, Kasarskis EJ. Myasthenia gravis associated with etanercept

therapy. Muscle Nerve 2009; 39:866–70.

91 Thiruppathi M, Rowin J, Li JQ, Sheng JR, Prabhakar BS,

Meriggioli MN. Functional defect in regulatory T cells in myasthe-

nia gravis. Ann NY Acad Sci 2012; 1274:68–76.

92 Rowin J, Thiruppathi M, Arhebamen E, Sheng J,

Prabhakar BS, Meriggioli MN. Granulocyte macrophage

colony-stimulating factor treatment of a patient in myasthenic

crisis: effects on regulatory T cells. Muscle Nerve 2012; 46:

449–53.

TRANSLATIONAL NEUROIMMUNOLOGY REVIEW SERIES

J. P. Sieb

418 © 2013 British Society for Immunology, Clinical and Experimental Immunology, 175: 408–418


